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Despite numerous efforts the coupling between randomly arranged multi-NV centers and also resonators has not been 
improved significantly mainly due to our limited knowledge of their entanglement times (2ent).  Here, we demonstrate a 
very strong coupling between three-NV centers by using a simulated triple electron-electron resonance experiment based 
on a new quantum (UC) gate on IBM quantum simulator with 2ent ~12.5 𝜇s arranged is a triangular configuration.  
Interestingly through breaking the symmetry of couplings an even lower 2ent ~6.3 𝜇𝑠 can be achieved.  This simulation not 
only explains the luminescence spectra in recently observed three-NV centers [Haruyama, Nat. Commun. 2019] but also 
shows a large improvement of the entanglement in artificially created structures through a cyclic redistribution of couplings.  
Realistically disordered coupling configurations of NV centers qubits with short time periods and high (0.89-0.99) fidelity of 
states clearly demonstrate possibility of accurate quantum registers operated at room temperature.
The concept of simulating quantum mechanical systems more 
efficiently on quantum computers than on classical computers has 
become far more realisable in recent years with the development 
of quantum registers consisting of up to tens of superconducting 
qubits [1]. This has already enabled the effective simulations of the 
dynamics of many-body quantum mechanical systems [2, 3], 
condensed matter physics [4, 5, 6], high-energy physics [7, 8] and 
quantum chemistry [9, 10]. Simulating complex quantum 
mechanical systems requires complex quantum circuits consisting 
of more quantum gates. Such circuits take a longer time to operate 
on qubits, so ideally the coherence time of the quantum register 
should be much longer than the operating time of the quantum 
circuit since the accuracy of quantum simulation depends on the 
coherence time of the qubits [11]. Currently, a single flux qubit can 
have coherence times up to 0.5 ms [12], while a spin qubit 
consisting of a divacancy in silicon carbide can reach 1.3 ms [13]. A 
silicon-vacancy spin qubit can demonstrate coherence times of up 
to 13 ms and spin relaxation times up to 1 s below 500 mK [14], 
however a quantum computer that requires such low temperatures 
is a very limiting factor - ideally the most practical quantum 
computer should be able to operate at room temperature [15]. NV 
centers in diamond show the most promise in this regard since they 
have demonstrated the longest coherence times at room 
temperature compared to other defects in diamond with a natural 
abundance (1.1%) of 13C - 0.7 ms. This coherence time can be 
improved to 1.8 – 2.0 ms by suppressing impurities and defects 
[16]. This makes NV centers a good candidate for spin qubits in a 
quantum computer (theoretically) at room temperature that could 
provide a distinct advantage over superconducting flux qubits [17]. 
However, in practice, a three NV center quantum register has not 
been a feasibly achievable option due to the difficulty of fabricating 
three coupled NV centers in diamond. Recently, Haruyama et al. 
have claimed the synthesis and analysis of three coupled NV 
centers using implantation of C5N4Hn ions from an adenine source 
to scale up the creation of NV centers in diamond [18]. Not all NV 
centers that were close enough (in the order of 10 nm) were 
coupled though only one group of three NV centers was classified 
as strongly coupled, and this triplet group was further discussed  
which needs further theoretical support [18].  
The entanglement of quantum states is essential to the formalism 
of quantum theory [19], and the entanglement of qubits in a 
quantum register is fundamental to the operation of quantum 
circuits that can theoretically outperform classical computers when 
it comes to quantum simulation [20]. Entanglement of two NV 
centers at room temperature has been demonstrated [17], but until 
recently the large-scale creation of three coupled NV centers in 
diamond has proven difficult [18]. Here, we show the performance 
of newly developed quantum gates that enables quantum 
simulation of the entanglement of first two, and then three such 
coupled NV centers using a double and triple electron resonance 
pulse sequence [21, 22]. This operation not only explain the 
experimental data in Ref. 18 but also demonstrate a very short 
entanglement time in an ordered configuration.  
A triangular configuration of NV centers is important for creating an 
extended lattice structure as used in superconducting qubits. This 
will enable simulations of many body interactions in the presence 
of disorder or unequal coupling between qubits or spin centers [2-
6]. Therefore, we extend the work beyond ordered configurations 
of NV centers by breaking the symmetry to produce strong 
luminescence (resonance) features. The coupling strength between 
any two NV center defects depends on the size of the quantum dots 
as well as the distance between them [23]. Like the resonance 
spectra of quantum dots the geometric configurations of the NV 
centers in relation to one another (such as vertical, horizontal or 
triangular) would affect the luminescence if the coupling between 
them are varied [24]. Simulating the entanglement of an idealised 
configuration of three coupled NV centers has value, but the 
demonstration of entanglement in a non-ideal system is more 
relevant with respect to the physical realisation of a three NV 
center quantum register, as physically realised systems are rarely 
ideal. Considering this, the distance between NV centers and the 
geometry of the configuration is taken to resemble that of a triangle 
in terms of the coupling between the NV centers, as these 
configurations are the most disordered. The parameter under 
investigation here is simply coupling strength for different ordered 
and disordered configurations of the NV centers. The asymmetry of 
a given configuration is represented by the use of a coupling 
constant (R) defined by 
 
𝑅 = (
1
𝑣𝐴𝐶
+
1
𝑣𝐴𝐵
+
1
𝑣𝐶𝐵
)
−1
  
(1) 
where 𝑣𝐴𝐶 , 𝑣𝐴𝐵  and 𝑣𝐶𝐵 are the coupling strengths between the 
three NV centers as shown in Figure 1. In particular, three extreme 
configurations are examined – equilateral representation with 
equal coupling strengths between each NV center (𝑣𝐴𝐵 = 𝑣𝐴𝐶 =
𝑣𝐶𝐵), isosceles representation with equal coupling strengths 
between two of the three NV centers (𝑣𝑖𝑘 = 𝑣𝑖𝑗 ≠ 𝑣𝑗𝑘) for 
𝑖, 𝑗, 𝑘 𝜖{𝐴, 𝐵, 𝐶}, and scalene representation with different coupling 
strengths between each NV center (𝑣𝐴𝐵 ≠ 𝑣𝐴𝐶 ≠ 𝑣𝐶𝐵). Since the 
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triple electron resonance scheme developed here to entangle three 
coupled NV centers requires the decoupling of one pair of NV 
centers in the final free evolution period, the rotation of each of 
these configurations is also investigated. This is achieved by a cyclic 
redistribution of the coupling strengths of each coupled NV center 
pair. To demonstrate the physical importance of these simulations, 
the scalene configuration is investigated by using the coupling 
strengths found by Haruyama et al. [18].  
 A single negatively charged NV center defect (Figure 1.a.) consists 
of six electrons existing in a spin-triplet state with the energy level 
splitting 𝑚𝑠 = 0 and 𝑚𝑠 = ±1 controlled by external magnetic 
fields, shown in Figure 1.b.  This allows the useful formation of a 
two-level 𝑚𝑠 = 0 and 𝑚𝑠 = 1 system that can act as a single qubit. 
The NV center defect interacts with the nuclei of surrounding 
nitrogen and 13C atoms in the diamond. This is a major source of 
noise that creates decoherence in NV centers [25], but for 12C 
enriched diamond, electron spin coherence time can reach 3.0 ms 
[17]. Even with the more conservative coherence time of 2.0 ms, 
NV center electron spin qubits have long enough coherence times 
for accurate execution of fairly complex quantum circuits. The 
double and triple electron resonance pulse schemes include a free 
evolution of the system of NV centers for a time of the order of 
102 𝜇s, so the noise from electron-nuclear spin interactions is 
negligible. This means that the electron-nuclear hyperfine coupling 
terms are excluded from the secular Hamiltonian describing the 
coupling between three NV center electron spins. The interaction 
between electron spins of different NV centers can be simulated in 
a similar way as the interaction between nuclear and electron spin 
in one NV centers [26]. In a coupled NV center triplet (comprised of 
𝑁𝑉𝐴, 𝑁𝑉𝐵 and 𝑁𝑉𝐶), each NV center is coupled to the other two NV 
centers, as shown in Figure 1.c).  
a) b) c) d)  
Figure 1. a) Visual representation of a negative NV center defect in diamond. b) Energy level transition of the NV center electron spin that can 
be controlled by an external magnetic field. c) Three strongly coupled NV centers. 𝑁𝑉𝐴  and 𝑁𝑉𝐶  are the most strongly coupled, while 𝑁𝑉𝐴 and 
𝑁𝑉𝐵 are the least strongly coupled [18]. d) Effective combined energy level scheme of the three coupled NV centers, where each NV center 
forms the two-level 𝑚𝑠 = 0 and 𝑚𝑠 = 1 system. Spin transitions represented by solid lines can be driven with microwaves due to the different 
Zeeman shift caused by different magnetic field alignments for each NV center [17]. Transitions represented by dashed lines are driven by the 
dipolar coupling between NV centers. 
Using the secular approximation, the system in a magnetic field B is 
described by 
 
𝐻 = ∑[∆𝑆𝑖
2  + 𝛾𝑒?̂?.  ?̂?𝑖]
𝐶 
𝑖=𝐴
+ 𝐻𝑑𝑖𝑝  
(2) 
where ∆ =  2.87 𝐺𝐻𝑧 is the zero-field splitting [27], 𝛾𝑒  =
 2.8 𝑀𝐻𝑧/𝐺 is the gyromagnetic ratio [28] and ?̂?𝑖 is the spin 
operator for i∈{A,B,C}. The last term 𝐻𝑑𝑖𝑝 is the dipolar coupling 
term between the three NV centers, given by: 
 𝐻𝑑𝑖𝑝  = 𝑣𝐴𝐵  ?̂?𝑧𝐴 ?̂?𝑧𝐵 + 𝑣𝐴𝐶  ?̂?𝑧𝐴 ?̂?𝑧𝐶  + 𝑣𝐶𝐵  ?̂?𝑧𝐶  ?̂?𝑧𝐵 (3) 
   
The dipolar coupling between NV center spins is 𝑣𝐴𝐶  between 
centers A and C, 𝑣𝐶𝐵 between centers C and B and 𝑣𝐴𝐵  between 
centers A and B. The spin-flip terms ?̂?𝑥𝑖  ?̂?𝑥𝑗 + ?̂?𝑦𝑖  ?̂?𝑦𝑗 for i ∈ {A,B,C}, 
j ∈ {B,C,A} are ignored because the dipolar coupling is smaller than 
the energetic detuning between any two spins [17]. 𝐻𝑑𝑖𝑝 is 
considered when simulating the coupling between NV centers in 
the absence of an external magnetic field, with spin-flip transitions 
of individual NV centers driven by microwave 𝜋 pulses as shown in 
Figure 1.d. 
In general, the circuit representing the free evolution of two 
coupled NV centers (i and j) is found by representing the two-qubit 
gate 𝑈𝐶  =  𝑒
𝑖 2𝜏 𝑣𝑖𝑗(𝑆𝑧𝑖⊗𝑆𝑧𝑗) with an 𝑅𝑧(2𝜏 𝑣𝑖𝑗 ) gate on qubit 𝑞𝑖 
and a 𝐶𝑞𝑖𝑁𝑂𝑇𝑞𝑗  gate, with Hadamard gates initially applied to each 
qubit to allow for interaction. 2𝜏 is the free evolution time – the 
time period over which the NV centers evolve freely, and 𝑣𝑖𝑗 is the 
dipolar coupling between the NV centers. Using the 𝑈𝐶  gate, a 
quantum circuit is developed to simulate a DEER experiment for 
each coupled pair in a system of three coupled NV centers - 𝑁𝑉𝐴, 
𝑁𝑉𝐵 and 𝑁𝑉𝐶  with dipolar coupling 𝑣𝐴𝐵  =  4.6 𝑘𝐻, 𝑣𝐴𝐶  =  53 𝑘𝐻 
and 𝑣𝐶𝐵  =  24.1 𝑘𝐻. The results of the simulated DEER experiment 
are shown in Figure 2. Here, the simulated luminescence of each 
NV center for a given 2𝜏 in a DEER experiment is shown on the 
vertical axis by the normalised counts: the proportion of 
measurements that resulted in the labelled state out of a total of 
1024 measurements for each 2𝜏. The normalised counts are based 
off the ground state, as the excited state changes depending on 
which sensor-emitter pair is being simulated. Figure 2 shows the 
oscillation between the ground state and the excited state that 
would be physically observed in a real DEER experiment [17, 18]. 
The dipolar coupling between any two NV centers is a direct 
measurement of the period of oscillation of each of the plotted 
lines in Figure 2, where normalised counts are plotted against 𝜏 
instead of 2𝜏 to compare with the resuts found by Haruyama et al. 
The DEER plots are simulated reproductions of the intensity plots 
that Haruyama et al. used to show the fabrication of three strongly 
coupled NV centers [18]. 
By modifying the DEER quantum circuit for two coupled NV centers, 
a new entanglement circuit is developed (see Methodology). The 
entanglement of two coupled NV centers with dipolar coupling 𝑣 =
 4.93 𝑘𝐻𝑧 is analysed by measuring the normalised counts of all 
possible states of the two NV center qubits over increasing free 
evolution times. The evolution time required for entanglement is 
defined as 2𝜏𝑒𝑛𝑡. From Figure 2, it can be seen that the two qubits 
reach the entangled Bell state  
1
√ 2
(|00⟩ + |11⟩) after a time 
2𝜏𝑒𝑛𝑡  = 21.2 µ𝑠 for the Quasm Simulator and 2𝜏𝑒𝑛𝑡  = 22.0 µ𝑠 for 
the IBM London quantum emulator. These values are comparable 
to the 2𝜏𝑒𝑛𝑡 = 25.0 𝜇s found by Dolde et al. [17]. A triple electron 
resonance scheme [21, 22] was used to entangle three NV centers, 
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with each NV center acting as the sensor and emitter for the other 
two NV centers. The linear combination of the states of all three NV 
centers is considered as the overall state of the system. The 
decoupling of 𝑁𝑉𝐵 and 𝑁𝑉𝐶  [30] for the final period of free 
interaction just before measurement allows the entanglement of 
the three NV centers. To properly analyse the entanglement, the 
plots of the relevant states are measured for each case. The 
coupling between three NV centers results in each NV center qubit 
oscillating between the ground |0⟩ and excited |1⟩ state according 
to the linear combination of the oscillation caused by the individual 
coupling of the NV center with each of the other two NV centers. 
The proportional occupation (normalised counts) of each state of 
the system follows similar linear combinations of oscillations 
caused by the coupling between NV centers. The fidelity of the 
system over time is calculated by 𝐹 = 2 𝑡𝑟(𝜌𝜎) where 𝜌 is the 
density matrix of the target entangled state and 𝜎 is the density 
matrix of the measured state for increasing 2𝜏. Fidelity is also 
plotted over increasing 2𝜏 as a means of further justifying the time 
at which the system reaches the entangled state, as the maximum 
fidelity shows when the system becomes closest to the entangled 
state. The real part of the density matrix of the system at 2𝜏𝑒𝑛𝑡  
provides a visual representation of how close the system comes to 
the entangled state. We simulated 27 different configurations of 
the three coupled NV centers, the 12 important results of which are 
summarised in Table 1. The most interesting of these 
configurations are discussed further. 
 
 
a)   b)   
c)   d)   
Figure 2: The entanglement of two NV centers with dipolar coupling of 𝑣 =  4.93 𝑘𝐻𝑧 at a) 2𝜏𝑒𝑛𝑡  =  21.7 µ𝑠 using the IBM Quasm Simulator 
and at b) 2𝜏𝑒𝑛𝑡  =  22.0 µ𝑠 using a two qubit register of the IBM London Quantum Emulator [29]. The Normalised Counts represent the relative 
intensity of light measured. The plotted results of simulated DEER experiments on three coupled NV centers with varying dipolar coupling 
strengths using a three qubit register of c) the IBM Quasm Simulator and d) the IBM London Quantum Emulator [29]. The Normalised Counts 
represent the relative intensity of light measured. 
 
The first configuration of three coupled NV centers is the 
symmetrical case, with an equilateral (type) representation of NV 
centers where 𝑣𝐴𝐵 = 𝑣𝐴𝐶 = 𝑣𝐵𝐶, inset in Figure 3.b. The entangled 
state reached for this configuration is 
1
√2
(|000⟩ − |111⟩) as shown 
by the density matrix in Figure 3.b. The |000⟩ and |111⟩ states are 
plotted to show how the system evolves over increasing 2𝜏. Three 
different coupling strengths are analysed for this equilateral 
representation. The shape of the evolution of the |000⟩ and |111⟩ 
states for each of these different coupling strengths is the same 
(Figure 3.a), suggesting that there could be a consistent evolution 
of the system for the equilateral representation. Importantly, 2𝜏𝑒𝑛𝑡  
is shorter for strong coupling and longer for weak coupling.  
The second configuration of coupled NV centers is the isosceles 
(type) representation with twelve different arrangements of 
coupling strength classified as either single dominant (𝑣𝑖𝑗 = 𝑣𝑖𝑘 <
𝑣𝑗𝑘)  or double dominant (𝑣𝑖𝑗 = 𝑣𝑖𝑘 > 𝑣𝑗𝑘) with 𝑖, 𝑗, 𝑘 iterating 
through 𝐴, 𝐵, 𝐶. Table 1 shows that when 𝑣𝐶𝐵 ≠ 𝑣𝐴𝐵 = 𝑣𝐴𝐶 , 2𝜏𝑒𝑛𝑡  
is shorter than other arrangements, with the exception for the case 
where 𝑣𝐶𝐵 ≪ 𝑣𝐴𝐵 = 𝑣𝐴𝐶. As expected, there is a symmetry in 
different configurations with the same coupling strength for 𝑣𝐵𝐶: 
interchanging the coupling strengths of 𝑣𝐴𝐵 and 𝑣𝐴𝐶  results in the 
same 2𝜏𝑒𝑛𝑡, albeit with two different states being entangled. 
Interestingly, configurations with a larger difference between 
maximum and minimum coupling strengths reached an entangled 
state after a shorter 2𝜏. Double dominant configurations generally 
have shorter 2𝜏𝑒𝑛𝑡, except for when 𝑣𝐶𝐵 ≫ 𝑣𝐴𝐵 = 𝑣𝐴𝐶 , which 
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provides an interesting anomaly that is further discussed. The 
evolution of the |100⟩ and |011⟩ states as well as the fidelity to this 
entangled state is shown in Figure 3.a. The maximum fidelity of 
0.963, as well as the point at which the normalised counts for the 
|100⟩ state equals the normalised counts of the |011⟩ state, occurs 
at 6.3 𝜇s. After a free evolution time of 6.3 𝜇s, the configuration  
with 𝑣𝐴𝐵 = 𝑣𝐴𝐶 =≪ 𝑣𝐶𝐵 (Figure 3.a. inset) became very close to 
the entangled state 
1
√2
(|100⟩ + |011⟩), shown in Figure 3.d. This 
shows promise for the entanglement of NV center spin qubits with 
a more disordered configuration. 
The third configuration of coupled NV centers is the scalene (type) 
representation, with six different arrangements of 𝑣𝑖𝑗 ≠ 𝑣𝑖𝑘 ≠ 𝑣𝑗𝑘 , 
with 𝑖, 𝑗, 𝑘 iterating through 𝐴, 𝐵, 𝐶 (Figure 4.b. inset). The 2𝜏𝑒𝑛𝑡  
values are longer than for the previous two configurations, which is 
expected as this is the most distorted system that has been 
simulated here. Each coupled NV center pair was taken to have a 
different coupling strength than the other two coupling pairs, with 
coupling strength taking values of 5 𝑘𝐻𝑧, 20 𝑘𝐻𝑧 or 50 𝑘𝐻𝑧. Some 
interesting similarities in entanglement times were observed, 
namely that the system reached different entangled states in 
2𝜏𝑒𝑛𝑡 = 62.8 𝜇s when 𝑣𝐶𝐵 = 5 𝑘𝐻𝑧, and in 2𝜏𝑒𝑛𝑡 =  125.7 𝜇s 
otherwise. The evolution of the relevant states for the interesting 
configurations are shown over increasing 2𝜏 in Figure 4.a and 4.c, 
with the density matrix of the entangled states reached shown in 
Figure 4.b and 4.d. From these figures, it can be seen that 
interchanging the coupling strengths 𝑣𝐴𝐶  and 𝑣𝐴𝐵  changes the 
entangled state reached in the same way as interchanging the first 
two qubits in the quantum circuit.  
A realistic case of the scalene representation uses the measured 
values of the coupling strengths between three coupled NV centers 
as found by Haruyama et al. [18]. As before, there are six possible 
arrangements of this set of coupling strengths, the results of three 
of which are summarised in Table 1. With all arrangements of these 
coupling strengths, the entangled state 
1
√2
(|000⟩ − |111⟩) was 
reached at 2𝜏𝑒𝑛𝑡 =130.1 𝜇s, however in the cases with 𝑣𝐶𝐵 =
24.1 𝑘𝐻𝑧, the entangled Greenberger-Horne-Zeilinger (GHZ) state 
was reached at 2𝜏𝑒𝑛𝑡 = 11.7 𝜇s, as shown in Figure 5. Importantly, 
the longest and shortest 2𝜏𝑒𝑛𝑡  for this disordered configuration is 
comparable to the longest and shortest 2𝜏𝑒𝑛𝑡  for both the weakly 
coupled equilateral and single dominant isosceles representations. 
This implies that disordered configurations are useful for the 
development of an NV center quantum register. Interchanging the 
coupling 𝑣𝐴𝐶  and 𝑣𝐴𝐵  changes the entangled GHZ state from 
1
√2
(|000⟩ + |111⟩) to 
1
√2
(|001⟩ + |110⟩).  
 
a)           b)  
 
c)         d)  
 
Figure 3: Entanglement of equilateral-type and single dominant isosceles-type representations. a) Evolution of the relevant |000⟩ and |111⟩ 
states for increasing 2𝜏 for strong coupling of 𝑣𝐴𝐵 = 𝑣𝐴𝐶 = 𝑣𝐶𝐵 = 50 𝑘𝐻𝑧 with entanglement at 2𝜏𝑒𝑛𝑡 = 12.5 𝜇s. b) The entangled GHZ state 
1
√2
(|000⟩ − |111⟩) reached for the equilateral representation of NV centers (inset) with 𝑣𝐴𝐵 = 𝑣𝐴𝐶 = 𝑣𝐶𝐵. The evolution graphs of the relevant 
|000⟩ and |111⟩ states for weak and moderate coupling have the same shape stretched over a longer free evolution time. c) Evolution of the 
relevant |100⟩ and |011⟩ states for increasing 2𝜏 for coupling of 𝑣𝐴𝐵 = 𝑣𝐴𝐶 = 5 𝑘𝐻𝑧 < 𝑣𝐶𝐵 = 50 𝑘𝐻𝑧 with entanglement at 2𝜏𝑒𝑛𝑡 = 6.3 𝜇s. d) 
The entangled state 
1
√2
(|100⟩ + |011⟩) reached for the single dominant isosceles representation of three NV centers (inset) with 𝑣𝐴𝐵 = 𝑣𝐴𝐶 =
5 𝑘𝐻𝑧 < 𝑣𝐶𝐵 = 50 𝑘𝐻𝑧.  
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a)   b)  
c)   d) 
Figure 4: Entanglement of arbitrary scalene-type representation. a) The evolution of the relevant |000⟩ and |111⟩ states for increasing 2𝜏 for 
scalene coupling configuration of 𝑣𝐴𝐶 = 50 𝑘𝐻𝑧, 𝑣𝐴𝐵 = 20 𝑘𝐻𝑧, 𝑣𝐶𝐵 = 5 𝑘𝐻𝑧 with b) entangled GHZ state 
1
√2
(|000⟩ + |111⟩) reached at 62.8 
𝜇s. c) The evolution of the relevant |001⟩ and |110⟩ states for increasing 2𝜏 for scalene coupling representation of 𝑣𝐴𝐶 = 20 𝑘𝐻𝑧, 𝑣𝐴𝐵 =
50 𝑘𝐻𝑧, 𝑣𝐶𝐵 = 5 𝑘𝐻𝑧 with d) entangled state 
1
√2
(|001⟩ + |110⟩) reached at 62.8 𝜇s. Interchanging the coupling 𝑣𝐴𝐶  and 𝑣𝐴𝐵  changes the 
entangled GHZ state from 
1
√2
(|000⟩ + |111⟩) to 
1
√2
(|001⟩ + |110⟩). 
 
 
 
 
 
a)     b)  
c)    d)  
Figure 5: Entanglement of realistic scalene-type configuration. a) The evolution of the relevant |000⟩ and |111⟩ states for increasing 2𝜏 for 
realistic scalene coupling configuration where 𝑣𝐶𝐵 = 24.1 𝑘𝐻𝑧 with b) entangled GHZ state 
1
√2
(|000⟩ + |111⟩) reached at 11.7 𝜇s. c) The 
evolution of the relevant |001⟩ and |110⟩ states for increasing 2𝜏 for the same scalene configuration where 𝑣𝐴𝐶  and 𝑣𝐴𝐵  are interchanged with 
d) entangled state 
1
√2
(|001⟩ + |110⟩) reached at 2𝜏𝑒𝑛𝑡 = 11.7 𝜇s. 
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The triple electron resonance circuit (see Methodology) 
theoretically entangles the three qubits in the 
1
√2
(|001⟩ − |110⟩) 
state with 2𝜏 = 0, however different entangled states can be 
achieved with relatively high fidelity for a free evolution time of  
2𝜏𝑒𝑛𝑡 = 𝑛𝜋/𝑣𝑚𝑎𝑥  for some integer 𝑛 where 𝑣𝑚𝑎𝑥 is the strongest 
coupling in the configuration. For equilateral representations, a 
maximally entangled state was reached for 𝑛 = 2 with a fidelity of 
0.996. For the isosceles representation, the evolution of the system 
is dominated by the more strongly coupled NV centers, so the three 
qubits can reach an entangled state for 𝑛 = 2 as with the 
equilateral representation, but with notably lower fidelity. The 
effect of one pair of NV centers having a different coupling strength 
results in variations in 2𝜏𝑒𝑛𝑡, with the longest case being 𝑛 = 10. 
The shortest case (𝑛 = 1) was due to the strongly coupled pair 
being decoupled for the final free evolution period, thus decreasing 
decoherence for short 2𝜏. The scalene representation consistently 
reached an entangled state for 𝑛 = 10 and 𝑛 = 11 with relatively 
high fidelity ranging from 0.897 to 0.990 for both the idealised and 
realistic cases respectively, however shorter 2𝜏𝑒𝑛𝑡  were observed.  
         In the idealistic scalene representation, the maximally 
entangled state was achieved at 62.8 𝜇s with the decoupled NV 
center pair 𝑣𝐶𝐵 = 5 𝑘𝐻𝑧, but for the configuration with the 
decoupled NV center pair 𝑣𝐶𝐵 = 20 𝑘𝐻𝑧, the system closely 
resembled the entangled 
1
√2
(|000⟩ + |111⟩) state. The fidelity of 
this state was 0.829, which is not high enough to be considered 
maximally entangled, but it does point to the potential for 
disordered systems to reach entangled states at shorter free 
evolution times. This was seen in the realistic case, where the 
decoupled pair had a coupling strength of 𝑣𝐶𝐵 = 24.1 𝑘𝐻𝑧. The 
short 2𝜏𝑒𝑛𝑡  (11.7 𝜇s) arises from the disorder of the system 
resulting in a higher frequency of random alignment of the three 
qubits. Additionally, the coupled pair with 𝑣𝐶𝐵 = 24.1 𝑘𝐻𝑧 was 
decoupled during the final period of free evolution, so the stronger 
coupling 𝑣𝐴𝐶(𝐴𝐵) = 53 𝑘𝐻𝑧  dominates the interaction for short 2𝜏, 
and the weak coupling 𝑣𝐴𝐵(𝐴𝐶) = 4.6 𝑘𝐻𝑧 acts to decrease 
decoherence of the system for short 2𝜏. These factors can allow 
realistically disordered configurations of coupled NV centers to 
reach an entangled state at short 2𝜏. 
       The effective simulation of DEER experiments on coupled NV 
centers along with previous work simulating hybrid quantum 
systems and entanglement on a quantum computer [30], 
demonstrates how simulations performed on IBM Quantum 
Experience can be used to explore the potential for real NV center 
spin qubits that can be used in a convenient, accurate quantum 
computer. Importantly, the free evolution of coupled NV centers 
can be used to transform multiple NV center spin qubits to desired 
states. In this case, the desired state was the entangled Bell state, 
which was achieved at 2𝜏𝑒𝑛𝑡 = 21.2 𝜇s for two NV centers with 
dipolar coupling of 𝑣 = 4.93 𝑘𝐻𝑧. Since the physical 
configurations of three coupled NV centers influences the disorder 
of the system the shortest 2𝜏𝑒𝑛𝑡  for three coupled NV centers was 
different for each of three different configurations: 12.5 𝜇s for 
equilateral representation, 6.3 𝜇s for isosceles representation and 
11.7 𝜇s for scalene representation. Shorter 2𝜏𝑒𝑛𝑡  were observed for 
more ordered systems with a higher coupling constant 𝑅. The 
simulations in this work suggest that the entanglement between 
three strongly coupled NV centers can be achieved for varying 
symmetric and asymmetric configurations in under 20 𝜇s, which is 
much shorter than the coherence time of the individual NV center 
qubits. 
 
Discussion 
Table 1: Free evolution time required for entanglement for 
different configurations of 3 coupled NV centers. 
 
 
 
 
 
Figure 6: Dependence between 2𝜏𝑒𝑛𝑡  and the coupling constant 
calculated using all three coupled pairs 𝑣𝐴𝐶 , 𝑣𝐴𝐵 , 𝑣𝐶𝐵 as in Eqn. 1.  
 
The coupling constant 𝑅 (1) provides a way to quantify the order of 
the system comprised of three coupled NV centers, as well as the 
order in any pair of coupled NV centers. By neglecting data points 
with fidelity below 0.9, a trend can be seen in the relationship 
between the free evolution times required for entanglement and 
the coupling constant of the system. Figure 3.a clearly shows how 
the 2𝜏𝑒𝑛𝑡  decays as the order (𝑅) of the system increases. This 
trend is most evident when considering all three coupled NV 
centers instead the case one of the coupled pairs is not considered. 
This implies that 2𝜏𝑒𝑛𝑡  is affected more by the order of the system 
three NV centers than by the order of each coupled pair. High 
fidelity entanglement at short free evolution times is therefore 
favoured by more ordered systems. However, there are some 
disordered configurations simulated that demonstrate short 2𝜏𝑒𝑛𝑡  
when simulated, as shown further on in this work.  
NV centers created by ion implantation as shown in ref. 18 can form 
a large number of different coupled configurations and an 
Represented Configuration 
Coupling (𝑘𝐻𝑧) 2𝜏𝑒𝑛𝑡  
(𝜇s) 
Fidelity 
𝑣𝐴𝐶  𝑣𝐴𝐵  𝑣𝐶𝐵 
Equilateral 
 
50 50 50 12.5 0.996 
20 20 20 31.5 0.996 
5 5 5 125.7 0.996 
Isosceles 
(Double 
dominant)  
50 50 5 62.8 0.996 
50 5 50 12.5 0.896 
5 50 50 12.5 0.898 
Isosceles 
(Single 
dominant) 
 
5 5 50 6.3 0.963 
5 50 5 125.7 0.990 
50 5 5 125.7 0.990 
Scalene 
(realistic) 
 
53.0 4.6 24.1 11.7 0.897 
4.6 24.1 53.0 130.1 0.972 
24.1 53.0 4.6 130.1 0.980 
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extended lattice structure with distortions which can be simulated 
by the present technique. The present work is important from 
fundamentals of many body interactions between three quantum 
dots arranged in a form represented by triangles which can be used 
as the building block for Kondo lattice for observing quantum phase 
transition when symmetry is broken [2-6]. In general interaction 
with photons produces sub-radiance and super radiance states 
where the resonance peak can be tuned with the symmetry of a 
three-dot configuration. A strong resonance peak relative to non-
resonance can be demonstrated by introducing inequalities in 
interdot couplings through a distribution of the size and distance 
[23,24]. In some irregular configurations a strong resonant 
tunnelling can be found from the strong entanglement or a right 
combination of states as observed by breaking the symmetry of a 
regular configuration. These special structures would be useful to 
develop NV center based hybrid quantum devices [31] also by 
adding squeezed states obtained from strong coupling between a 
resonator and a couple of NV centers [32]. These closed loop 
configurations of NV centers can be useful for the development of 
spin qubits and topological qubits. In summary, the unexpected 
short 2𝜏𝑒𝑛𝑡  for the scalene configuration shows the potential of NV 
center quantum registers for room temperature operation of 
quantum computers, because the fabrication of disordered 
configurations of coupled NV centers is far easier to achieve than 
the fabrication of ordered systems. Therefore, this is an important 
step in the development of accessible, convenient and efficient 
quantum computers that are still accurate. 
Methodology 
A double electron-electron resonance (DEER) experiment was 
simulated to demonstrate the reliability of the 𝑈𝑐  =
 𝑒𝑖 2𝜏 𝑣𝑑𝑖𝑝(𝑆𝑧𝑖⊗𝑆𝑧𝑗) gate. In a DEER experiment, the qubits are both 
initialised in the |0⟩ state. Applying a 𝜋/2 pulse transforms the 
sensor qubit into exactly equal superposition: 
1
√ 2
(|0⟩ + |1⟩). The 
qubits are left to evolve freely under the dipolar coupling of the 
electron spins for a time 2𝜏. A 𝜋 pulse is then applied to the sensor 
qubit, before being left to evolve freely again for a time 𝜏, after 
which a 𝜋 pulse is applied to the emitter qubit. After another free 
evolution period of 𝜏, a 𝜋/2 pulse is applied to the sensor qubit 
before measurement. The qubits are allowed to interact for 
increasing free evolution times 2𝜏 [17]. To simulate a DEER 
experiment, 𝜋/2 microwave pulses are simulated using Hadamard 
gates and 𝜋 microwave pulses are simulated by NOT gates [17]. The 
system is initialised in the |0⟩ state for all NV centers, with a 
measurement gate as the readout operator. The quantum circuit 
simulating the microwave pulse sequence between time periods of 
free evolution is shown below. By applying the second 𝜋/2 pulse 
on both qubits directly after the 𝜋 pulse instead of just before 
measurement (Figure 6.a), the two qubits can reach the entangled 
Bell state 
1
√ 2
(|00⟩ + |11⟩) after a free evolution time of the order 
of tens of microseconds. This two-qubit quantum circuit can be 
extended to entangle three coupled NV centers (Figure 6.b)
 
a)  
 
b) 
Figure 7: Quantum circuits for entanglement. a) Double electron-electron resonance entanglement pulse sequence b) Triple electron resonance 
pulse sequence showing the coupling between all three NV centers and the quantum circuit simulating this triple electron resonance scheme. 𝜋 
pulses are simulated with a Not gate, 𝜋/2 pulses are simulated with a Hadamard gate. 
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